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ABSTRACT 


Exact inviscid pressure distributions and shock shapes, obtained by the 
method of characteristics, are compared with experimental data. The results 
indicate a strong dependence of induced pressures upon Reynolds number, espe- 
cially in the region immediately downstream of the nose-cylinder junction. The 
measured shock shapes revealed no discernible effect of Reynolds number 
variations. 
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SUMMARY 


An experimental investigation has been conducted to determine the effects of 
Reynolds number variations on the induced pressures over flow-alined cylindrical 
models at a Mach number of 2b. Theoretical nose drag coefficients between 0.2 
and 1.2 were covered by the six pairs of models tested, one model of a pair 
having a conical nose and the other a contoured nose of the same drag. (Thus, in 
addition to investigating the blast-wave effect of nose drag on induced pressure 
over a fairly wide range of nose drag coefficients, the secondary effect of nose 
shape on induced pressures at a constant nose drag was also obtained. ) 

Induced pressures immediately downstream of the nose-cylinder junction were 
found to be greatly affected by Reynolds number variations, and the extent to 
which this effect was felt downstream was found to depend upon the nose drag of a 
given model. A simple flow model is proposed to account for these Reynolds num- 
ber effects by analogy with the problem of hypersonic flat-plate boundary-layer- 
displacement effects. Comparison with the data shows that the effects can be 
estimated with reasonable accuracy by this simple approach. 

Experimental shock shapes are compared with exact inviscid solutions. The 
results indicate no discernible effects of Reynolds number on the shock shape. 


The information in this report is largely based on a thesis entitled "An 
Experimental Investigation of Nose Shape and Reynolds Number Effects on Induced 
Pressures at a Mach Number of 2b" submitted by Richard D. Wagner, Jr., in partial 
fulfillment of the requirements for the degree of Master of Science in Aeronauti- 
cal Engineering, Virginia Polytechnic Institute, Blacksburg, Virginia, August 
1962. 


INTRODUCTION 


Much effort has been expended in the study of induced pressures on blunt- 
nose bodies. (See refs. 1 to 6, for example.) The blast-wave theory, as applied 
to aerodynamics in reference 1, has provided an extremely useful tool for the 
prediction of pressures in the induced-pressure region. This theory, though 
inadequate for direct calculations, affords good correlating parameters for 
induced pressures on blunt cylinders and plates. In particular, the results of 
reference 2 indicate that the blast-wave parameter yields a good correlation of 
induced pressures beyond 1 body diameter downstream of the nose-cylinder junc- 
tion; nearer the nose-cylinder junction the correlation fails, and, other than by 
involved numerical calculation, no simple technique exists for estimating induced 
pressures in this region. 

The present investigation is an outgrowth of the study presented in refer- 
ence 3 wherein the effects of nose drag and nose shape on the induced pressures 
on various l/8- inch-diameter cylinders were studied at Mach numbers of 17 and 21. 
The results of reference 3 revealed a need for further study of the factors gov- 
erning the pressure distribution in the region immediately downstream of the 
nose-cylinder junction, and their relationship, if any, to the concepts afforded 
by the blast-wave theory. (Blast-wave theory implies that induced pressures are 
independent of nose shape.) The present study was conducted in the Langley 
22-inch helium tunnel on scale models of the configurations used in reference 3; 
however, the models were 2b times larger in diameter to allow detailed pressure 
measurements to be made in the region of interest. Tests were conducted at 
various Reynolds numbers at a Mach number of 2b. Pressure distributions were 
obtained on the nose as well as in the induced-pressure region to about b to 
5 body diameters downstream of the nose-cylinder junction, with particular empha- 
sis being given to the initial induced-pressure region. 
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nose drag coefficient 


pressure coefficient 
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Mach number 

average cross-section Mach number 

exponent in power-law fit to pressure distribution 

pressure 

pressure due to blunt leading edges 
nose radius (fig. k) 

free- stream Reynolds number based on maximum body diameter 

Reynolds number based on x-dimension 

temperature 

Cartesian coordinates (fig. 4) 

surface distance from nose-cylinder junction along cylindrical 
afterbody 

distance along y-axis from body center line to surface 
shock displacement measured from axis of symmetry 
ratio of specific heats 

surface inclination with respect to free stream 
boundary- layer displacement thickness 
viscosity 

vr3l / p" 

Lees-Probstein interaction parameter, " 


Subscripts: 

max maximum 

s evaluated for inviscid flow on downstream side of nose-cylinder 

junction 

t stagnati on 


tc 


corrected for transverse curvature 


w 


wall of body 


free -stream value 


TEST APPARATUS 


Tunnel 

Thi q investigation was conducted in the Langley 22-inch helium tunnel, 



. . ,, _ nf . t v, e Laneley 22-inch helium tunnel. (All dimensions are in inches.) 

Figure 1.- Schematic diagram of the langiey 

"na^o^in^p™ 

s: sr: sr«ct 10 r 

"by return to the tank farm, complete the closed cycle. 


Tunnel Calibration 

Tn order to conduct tests at different Reynolds numbers but at a fixed free- 
strel ZTnZerTtle Langley 22-inch hell™ tunnel ^s c^ihrat^ tc > d ™e 
?he Mach number distribution at various stations in the test section and at four 

z 8 irLihnSi?rSor^r num. 

ter distributions in horicontal planes, on the test-section center line * 

4 inches above and below the center line, were determine. d at sta § na ^° n 
-p roo i 000 2 000 and 3,000 psig for various tunnel stations. The pit P 

sures^were^measured^uith diaphragm- type gages that gave an estimated accura^ in 

tS LIh number value of ±0.2. The correction factors of reference 8 were used 
“ec? for real-gas effects due to the high stagnation pressures. 

The cross-section Mach number distributions at three tunnel stations and at 
stagnation pressures of 500 and 2,000 psig are shown m figure 2. Above each 
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(a) p t = 500 psig. 





(b) p t = 2,000 psig. 

Figure 2.- Tunnel calibration. T t = 5O 0 F. (Value above each pitot-tube location 
denotes deviation from average cross-section Mach number.) 


pitot-tube location is given the deviation of the measured Mach number from the 
average cross-section Mach number. The Mach number distributions obtained at 
stagnation pressures of 1,000 and 3,000 psig are similar to those at 500 and 
2,000 psig and, for this reason, are not shown. The results presented in fig- 
ure 2 indicate that the test-section core (the region not influenced by the 
boundary layer on the tunnel wall) is about 10 to 12 inches in diameter, and, 
in most cases, the Mach number near the center line is slightly higher than 
throughout the remainder of the usable core. 
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Since, in the present tests, the models were located on the center line of 
the tunnel and since the models had relatively small fineness ratio and diameter, 

the center-line Mach number 
would appear more representative 
for analysis of the data than 
the average cross-section Mach 
number. In figure 3 the test- 
section center-line Mach number 
is plotted at various stations 
and stagnation pressures. The 
Mach number gradient in the test 
section is, at most, about 
0.12 per inch for the different 
stagnation pressures. Although 
conical-flow effects (test- 
section Mach number gradient and 
flow divergence) are known to 
affect induced pressures, it can 
be concluded from reference 5 
that the effect is insignificant 
for axi symmetric configurations 
having a fineness ratio of the 
present test models. Therefore, 
it was not considered necessary 
to correct the measured pres- 
sures for conical-flow effects. 


The models studied in this investigation are shown in figure k. The 12 nose 
shapes consisted of six pairs, both models of a pair having the same theoretical 
nose drag but different shape. Six of the noses had a contoured shape; the 
remaining six were conical, each cone having a drag coefficient the same as a 
corresponding contoured nose shape. The theoretical nose drag was obtained by 
cone theory for the cone shapes (ref. 9 ) and by generalized Newtonian theory for 
the contoured shapes (ref. 10 ) . The theoretical nose drag coefficients of the six 
pairs were 1.2, 1.0, 0.8, 0.6, 0 . 4 -, and 0.2. 

Three of the six contoured nose shapes were spherical segments, one of which 
had a conical skirt with a 15° semi vertex angle; the remaining three were para- 
bolic. (See fig. k.) The equation of the generating curve for the three con- 
toured pointed shapes is 



where x and y are Cartesian coordinates, f is the nose fineness ratio, and 
d is the maximum diameter. At the nose-cylinder junction, the pointed noses 
were tangent to the cylindrical afterbody. The nose fineness ratios were chosen 
as f = 0 . 89 , 1 . 17 , and I.77 so as to obtain the desired drag coefficients. See 
reference 3 for details. 



Figure 3.- Center-line Mach number distribution 
at various stagnation pressures. 


Models 


6 



02 



1 - 1.77 



Figure Nose shapes of models studied. 


The sketch of figure 5 illustrates the model construction. Twelve models 
were 3 inches in diameter with an overall length of 17 inches. The conical 

Numbers enclosed in porentheses apply to nose shapes having CQ n = 0.6,04, and 0.2 



Figure 5.- Typical model construction. (All dimensions are in inches.) 
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and contoured nose shapes with the higher drags (Cp^ n = 1*2, 1.0, and 0.8) had a 
common cylindrical extension that was 15 inches long. The nose shapes with the 
lower drags were similarly constructed but had a 10-inch-long extension. An 
internal bolt was used to attach the nose portion of the models to the cylindrical 
extension. The joining parts were sealed and pressure checked prior to testing. 

Orifices of 0.060-inch diameter were located alternately in meridian planes 
i+5° apart to avoid flow interference on the nose of the models. The orifices on 
the cylindrical extensions were not as closely spaced and were alined in one 
meridian plane. 

In addition to the twelve 5-inch-diameter test models, two smaller models of 
l/2-inch diameter were constructed to increase the Reynolds number range covered 
in this investigation. These smaller models were l/6- scale models of the 
c D,n = 1*2 cone-cylinder and Cp^ n = 0.2 contoured-nose— cylinder models. 


Instrumentation 

Two types of pressure-measuring devices were used. Pressures greater than 
50 mm Hg were recorded on diaphragm transducers having an accuracy of ±2 percent 

of the full-scale rating. Four different gages were used so as to obtain maximum 

possible accuracy. (The maximum ratings of these four gages were 1, 2, 5, and 
7-5 psia. ) 

For pressures below 50 mm Hg, an ionization gage employing a radioactive 
source to ionize the sampled gas was used. The gage operates on two ranges, 0 
to 50 mm Hg and 0 to 5 mm Hg. Above 1 mm Hg, the gage is accurate to ±2 percent 

of the reading; below 1 mm Hg, the gage is accurate to ±5 percent of the reading. 

Inasmuch as the gage is of an ionization type, it is sensitive to gas composition. 
For example, the gage is approximately five times more sensitive to air than to 
helium. For this reason, extreme care was taken to eliminate all possible sources 
of leaks and contamination such as outgassing. Prior to testing, the models were 
thoroughly cleaned and placed in a vacuum tank for outgassing. When installed in 
the tunnel, the model tubing was kept under vacuum between tests. Small amounts 
of scatter in the data may be attributed to small leaks which were otherwise 
undetected. 


Test Conditions and Procedure 


For all tests the models were alined at zero angle of attack on the test- 
section center line at a station corresponding to a free- stream Mach number of 2k. 
Tests were conducted at stagnation pressures of 600, 1,000, 2,000, and 3,000 psig. 
The stagnation temperature was constant for any given test and was always within 
the range from 500° R to 520° R. For the 5- inch-diameter models, these test con- 
ditions give Reynolds numbers, based on maximum body diameter, of 0.529 X 10 , 
0.882 X 1C>6, 1.76^ X 1C)6, and 2 ,6k6 X 10^ for the tests with stagnation pres- 
sures of 600, 1,000, 2,000, and 5,000 psig, respectively. The l/2- inch-diameter 
models were tested at a stagnation pressure of 600 psig, corresponding to a 
Reynolds number, based on maximum body diameter, of 0.0882 X 10^. 
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Prior to testing, the tunnel was purged with helium, and solenoid valves 
connecting the ionization gages and model tubing to a vacuum pump were opened. 
These valves remained open for approximately 4 seconds after flow was established 
to insure that only helium was present in the model tubing and ionization gages. 
The outputs of the diaphragm transducers and the ionization gages were recorded 
on magnetic tape at 3-second intervals throughout the tests to assure that the 
pressures had settled out to a constant value. With the use of the tunnel dif- 
fuser, an operating time of approximately 1 minute was possible, which was suffi- 
cient time for the pressures to settle out. (Flow breakdown would occur after 
about 40 seconds without the diffuser.) 


RESULTS AND DISCUSSION 


Pressure Distributions 

The pressure distributions obtained on the models are shown in figure 6. 

These distributions are presented as a ratio of local static pressure to free- 
stream static pressure plotted against the nondimensional distance from the nose 
tip along the model center line. For the 3-inch-diameter models with the highest 
nose drag coefficient, surface pressures were measured at four stagnation pres- 
sures; for the other 3-inch-diameter models, surface pressures were measured at 
two stagnation pressures. In addition, the results of tests on the 1/2-inch- 
diameter models of the bluntest cone shape and the slenderest contoured shape are 

shown. ^See data plotted for R^oo = 0.0882 X 10^.) Also indicated in figure 6 
are various theoretical inviscid predictions. 

When possible, characteristics calculations were performed on an IBM 704 
electronic data processing machine to determine the inviscid pressure distribu- 
tions. These calculations were done with the intention of establishing a datum 
from which to assess Reynolds number effects on the pressure distribution. Cal- 
culations were performed in all cases except for the models with contoured nose 
shapes consisting of spherical segments. The characteristics method outlined in 
reference 9 for axi symmetric rotational flow was used. 

Comparisons of the measured pressure distributions at different Reynolds num- 
bers and those calculated by the characteristics theory give an excellent picture 
as to the regions influenced by viscous effects and the magnitude of these 
effects. In most cases, the pressure distribution over the nose of the models is 
insensitive to Reynolds number variations, at least in the range covered in this 
investigation. The pressure distribution on the cylindrical afterbodies indicates 
a marked dependence upon Reynolds number. 

In the following discussion the results of the pressure measurements over 
the nose shapes (for which Reynolds number effects appear of minor importance) 
will first be considered. Attention will then be turned to the results obtained 
on the cylindrical afterbodies, which are of primary interest in this 
investigation. 
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(a) Conical-nose model; Cj^ n = 1.2. 

Figure 6.- Pressure distribution over models. ^ = 24. 
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(b) Conical-nose model; Cj^ n 
Figure 6.- Continued. 
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(c) Conical-nose model; C^ n = 0*6* 


Figure 6.- Continued. 
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Figure 6.- Continued. 
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(e) Conical-nose model; Cj)^ n = 0.4. 
Figure 6.- Continued. 
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(f) Conical-nose model; Cj^ n = 0.2. 


Figure 6.- Continued. 




(g) Contoured-nose model; Cj^ n = 1-2. 
Figure 6.- Continued. 
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(h) Contoured-nose model; Cj^ n =1.0. 

Figure 6.- Continued. 
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(i) Contoured-nose model; C^ n = 0.8. 
Figure 6.- Continued. 


1000 



MD 


(j) Contour ed-nose model; = 0 . 6 . 

Figure 6.- Continued. 
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(k) Contoured-nose models; Cj)^ n = 0.4. 
Figure 6.- Continued. 
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(z) Contoured-nose model; C]^ n 
Figure 6.- Concluded. 
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Forebody pressure distribution . - As previously mentioned, the nose drag 
coefficients of the models, a parameter important in the blast-wave correlation 
of induced pressures, were taken as given by the generalized Newtonian theory of 
reference 10. For this reason, as well as for an indication of the usefulness 
of the theory, it is of interest to compare the present results with this theory. 
Generalized Newtonian theory gives the pressure distribution in the form 

Cp _ sin^S ^2) 

c p,max sin 2 8 inax 

where 5 mav is the maximum inclination of the body surface, 6 is the local 
inclination of the body surface, and Cp jTnay is taken as an exact value at the 

point, of maximum surface inclination. For the conical and the blunt nose shapes, 
generalized Newtonian theory reverts to the well-established cone theory and 
modified Newtonian theory, respectively. 

Figure 6 shows that the cone theory predicts the measured pressures on the 
conical noses. Reynolds number variations have no noticeable effect on the data 
except possibly on the cone with Cp^ n = 0.2. For the contoured nose shapes, the 
theoretical distributions determined by the modified Newtonian theory show excel- 
lent agreement with the measured pressure distributions on the spherical parts of 
the contours with Cp n = 1.2, 1.0, and 0.8. On the conical skirt of the nose 

with Cp^ n = 0.8, some pressure variation with Reynolds number is observed; this 
variation may be caused by a more rapid boundary- layer growth induced by the 
sudden change in the inviscid pressure gradient from a strong favorable gradient 
to a zero pressure gradient. 

The utility of the generalized Newtonian theory is well illustrated by com- 
parison of the theory with the data and the characteristics solutions obtained on 
the contoured shapes with C D ^ n = 0.6, 0. and 0.2. Except in the immediate 

vicinity of the nose -cylinder junction, little pressure variation with Reynolds 
number occurs and the data are well predicted by generalized Newtonian theory. 

At any rate, little accuracy is sacrificed in the use of generalized Newtonian 
theory in lieu of the involved characteristics solution, except perhaps in the 
region of the nose-cylinder junction where, in the absence of viscous effects, 
the characteristics solution would be necessary for an accurate prediction. 

Afterbody pressure distribution .- In contrast to the observed effects on the 
nose pressures, the measured pressure distributions on the cylindrical after- 
bodies show a marked dependence upon Reynolds number. (See fig. 6.) These 
Reynolds number effects are quite similar for the models with equal nose drag; 
however, the extent to which the downstream region is influenced and the relative 
magnitude of these effects increase with decreasing nose drag. For the models 
with the highest nose drag (Cp^ n = 1.2), the high initial pressures on the after- 
bodies tend to suppress the viscous effects so that these effects subside beyond 
about 1 body diameter downstream of the nose-cylinder junction. As the nose drag 
decreases, these viscous effects are seen to be propagated farther downstream, and 
the magnitude of these effects relative to the inviscid pressure level appears 
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to increase. This is most pronounced on the conical-nose models. For the nose 
shapes with C D n = O.k and 0.2, Reynolds number variations are seen to affect 

the entire afterbody pressure distribution (in the region investigated) by a 
considerable amount. 

A salient feature in the comparison of the data and characteristics theory 
is the observed recompression, at higher Reynolds numbers, downstream of the 
nose-cylinder junction on the models with conical noses with C D ^ n =1.2 and 1.0. 
(See figs. 6(a) and 6(b).) The data for the models with lower drag conical noses 
do not show the recompressions, which are smaller and apparently suppressed by 
the Reynolds number effects. (See figs. 6(e) and 6(f).) 

Since characteristics solutions were not available for the contoured-nose 
models with C D n = 1.2, 1.0, and 0.8, the initial pressure on the cylindrical 

afterbody was calculated by a Prandtl-Meyer expansion at the nose-cylinder junc- 
tion. In the Prandtl-Meyer expansion, the modified Newtonian pressure on the 
upstream side of the corner was used with the assumption of constant stagnation 
pressure equal to that behind the normal part of the bow shock. On the model 
with the highest nose drag (fig. 6(g)), where Reynolds number effects are not 
large, the Prandtl-Meyer expansion value for the initial pressure on the after- 
body agrees well with the data. The pressures on the models with C D ^ n =1.0 

and 0.8 differ considerably from the Prandtl-Meyer value. 


Nature of Reynolds Number Effects and Prediction 

Boundary- layer separation may be suspected as the cause for the viscous 
effects observed in the region immediately downstream of the nose-cylinder junc- 
tion; however, oil-flow studies on the cone-cylinder with C D ^ n =1.2 and on a 

flat-face cylinder revealed no signs of separation. It would then appear that 
boundary-layer displacement would be the origin of these effects. In view of the 
complex nature of the flow field in this region, as characterized by the recom- 
pressions occurring on the cone-cylinder, an exact analysis of the viscous inter- 
action in this region would appear quite unmanageable. Instead, good estimates 
of the boundary- layer induced pressures can be obtained with the use of a simple 
flow model and existing solutions for viscous interactions. 

In reference 11, Bertram and Blackstock arrive at the following expressions 
describing the pressure increment due to a modified form of a weak boundary- layer 
interaction and that due to a strong interaction on a flat plate: 

For the weak interaction, 
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and, for the strong interaction, 


p s = bx s fih ± H 

Ps 4 S V 2 

where G is given by (for a Prandtl number of 1.0) 


( 4 ) 


G = 1.7208 21 


'-w 


V T t 


+ 0.5895 


(5) 


The subscript s refers to the undisturbed stream, and X s is the Lees- 


Prob stein interaction parameter 


M s 5 \/C 


R. 


In order to apply equations ( 5 ) and (4) 


x, s 


to the present problem, the inviscid flow immediately downstream of the nose is 
approximated by a uniform stream of constant pressure equal to the inviscid pres- 
sure on the downstream side of the nose-cylinder junction. The stagnation pres- 
sure behind the initial part of the bow shock is also assumed to exist over the 
entire region of interest. As a further simplification, the influence of the 
nose on the boundary-layer growth is ignored and the effective origin of the 
boundary layer is taken at the nose-cylinder junction. For a discussion of 
boundary- layer growth over contoured nose shapes, see the appendix of this report. 


The pressure distributions on the cylindrical afterbodies are again shown in 
figure 7 as a plot of p/p^ against the nondimensionalized surface distance from 
the nose-cylinder junction. Also shown are the pressure distributions obtained 
by adding the pressure increments due to boundary- layer displacements given by 



(a) Conical-nose models; Cj^n = 1.2 and 1.0. (t>) Conical-nose models; Cj^ n = 0.8 and 0.6. 


Figure 7>- Pressures on cylindrical afterbodies. 
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(c) Conical-nose models; C]^ n = 0.4 and 0 . 2 . (d) Contoured-nose models; C^ n = 1.2 and 1.0. 




(e) Contoured-nose models; Cp^ n = 0.8 and 0 . 6 . (f) Contoured-nose models; Cj^ n = 0.4 and 0.2. 

Figure 7.- Concluded. 
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equations (3) and (^) to the characteristics solutions. In the cases of the 
models having spherical nose shapes, the curves were obtained by adding the 
pressure increments to the inviscid Prandtl-Meyer expansion value. Considering 
the simplicity of this approach, the agreement between the data and theory is 
relatively good. The strong interaction, in most cases, better represents the 
data on the models with conical noses, though only slightly different results 
are obtained for the weak interaction. For the models with conical noses, the 
agreement between theory and data is better for the higher nose drag coefficients 
than for the lower nose drag coefficients, probably because of the influence of 
the boundary layer on the nose of the model which would become larger for lower 
nose drag coefficients. For the models with contoured noses, the data are com- 
pared only with the weak-interaction solution since, as mentioned, only slightly 
different results were obtained with the strong-interaction solution. 

The data for the spherical- nose models (figs. 7(cL) and 7(e)) are underesti- 
mated by the theory, especially for the cases of Cp^n =1*0 and 0.8. The agree- 
ment with data could probably be improved by using an exact initial pressure in 
the inviscid Prandtl-Meyer expansion and a rigorous theory for the inviscid pres- 
sure distribution. The viscous effects on the conical skirt for Cp^ n = 0.8 
would, however, complicate this problem. 

The data for the slender contoured-nose models ( c p^ n = and °* 2 ) 

are well represented by the weak-interaction solution. At R^oo = 0.0882 X 10^ 
and 0.529 X 10 6 for C D?n = 0.2 (fig. 7(f)), the pressure distribution does not 

decay as rapidly as the interaction solution indicates, probably because of the 
effective origin assumed for the boundary layer. In this case, there were siz- 
able viscous effects slightly upstream of the nose-cylinder junction. 

The above method requires, of course, a knowledge of the inviscid pressure 
distribution in the region downstream of the nose-cylinder junction. At pres- 
ent, the prediction of the inviscid pressure distribution entails involved 
numerical calculations inasmuch as no simple theoretical approaches are avail- 
able. However, the results of the analytical study of reference 6 offer a 
possible alternate approach. For cylinders with geometrically similar nose 
shapes, the pressure distribution, when referenced to the maximum surface 
pressure, was found to correlate not only over the nose portions but also well 
into the induced-pressure region. In addition, this form of correlation tends 
to eliminate the effects of Mach number and gas properties (see ref. 6), and 
seems to offer the possibility of cataloging the induced-pressure distribution 
in regard to nose shape alone. 

In order to examine this approach, the characteristics solutions for the six 
cylinders with conical noses and three cylinders with contoured noses are shown 
in figure 8 in terms of the ratio of local to maximum surface pressure. For both 
nose geometries the correlation is very good, though superior for the cone- 
cylinder. The correlation achieved on the nose portions is implied in genera- 
lized Newtonian theory, but of greater interest herein is the correlation within 
the induced-pressure region. In reference 6, only two cone angles were consid- 
ered, 53° and k6°; the present results show that the correlation exists over a 
wide range of cone angles and includes the sharp— parabolic-nose cylinder. (Of 


26 



J L 


i i i i. : 1 

too 


, 1 

ipoo 

10 


1 1 *10,000" 
I 

100 


J 1-1 111. 

I 

1,000 


l I 1 L.J 

I 

10,000 


Rsrcent of nose length 


Figure 8.- Correlation of inviscid. nose and afterbody pressures - conical and contoured nose shapes. 


course there must exist a downstream limit to the correlation in the induced- 
pressure region because of the relatively common asymptotic pressure on the 
cylinders, ) 

Considered herein and in reference 6 have been only cylinders with attached 
bow shocks, and the extension to cases with detached shocks is not immediately 
apparent . 


Reynolds Number Effects on the Blast-Wave Correlation 

In the preceding discussion, the extent to which Reynolds number effects 
were observed downstream of the nose- cylinder junction was seen to depend, in 
part, upon the nose drag. Since, in some cases, these effects covered the entire 
region of induced pressures within the range of this investigation, the effec- 
tiveness of blast-wave theory for predicting induced pressures in regions where 
viscous effects are significant is questionable. 

In figure 6 is shown the correlated characteristics equation derived by Van 

Hise (ref. 6), which is expressed in terms of the blast-wave parameter — 

as 
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(6) 




rD,n 

x/d 


+ B 


where A is 0.075 for helium and B is 0.55* Equation ( 6 ) represents a corre- 
lation of exact inviscid theoretical pressure distributions on cylindrical bodies 
having different nose bluntness and at different free- stream Mach numbers. Equa- 
tion ( 6 ) , where A is 0.060 for air, is essentially the same as the second- 
approximation blast-wave solution in reference 12 , which for 7 = 7/5 is 


i = 0 . 06 7 -- 2 j ^ H + 0.44 

Poo x/d 


(7) 


In reference 12, this equation ( 7 ) is obtained by using the analogy, within the 
framework of hypersonic small-disturbance theory, between the constant-energy 
cylindrical blast-wave problem and the problem of hypersonic flow over a blunt - 
nose cylinder. (See also ref. 1. ) 

The assumptions employed in the blast-wave theory are such as to limit its 
range of applicability. The theory is not expected to be valid near the nose- 
cylinder junction nor far downstream. As can be seen in figure 6 , the upstream 
limit for which the correlated characteristics equation ( 6 ) gives a good repre- 
sentation of both the data and the characteristics solutions depends upon the 
nose drag, shape, and Reynolds number. 

Several authors have indicated that though the blast-wave theory has defi- 
nite upstream limits, the blast-wave parameter affords a good correlation of 
experimental data throughout a wider region than would be expected, even for nose 
drag coefficients as low as 0.2. (See refs. 2 and 5*) For example, in refer- 
ence 3 it is concluded that beyond 1 diameter from the nose-cylinder junction, 
nose shape has no effect on induced pressures as implied in the blast-wave theory. 
In figure 9 are shown the measured pressure distributions plotted in terms of the 
ratio p/p^ against the blast-wave parameter as used in reference 3* (Ref. 3 

uses the axial distance measured from the shoulder rather than from the nose tip. 
Also shown is the correlated characteristics eq. ( 6 ) with x/d measured from the 
shoulder. Using x s /d in eq. ( 6 ) is inconsistent with the method by which the 
equation is obtained, but would introduce only small differences where it would 
be expected to apply. See fig. 9») In general, the effects of nose shapes are 
not significantly large beyond 1 diameter from the nose-cylinder junction, and for 
the high-nose-drag shapes = 1.2 and 1 . 0 ), the data would indicate a fair 

correlation with the blast-wave parameter. However, for the low-nose-drag shapes, 
the present data along with that of reference 3 clearly illustrate that a corre- 
lation of data with the blast-wave parameter, without due regard to Reynolds num- 
ber effects, may be quite erroneous, as has been indicated previously in the 
paper. Reynolds numbers much lower than those of the present investigation may 
also affect the correlation of pressures on the high-nose-drag shapes. 
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Figure 9 .- Pressure distributions plotted against blast-wave parameter. 


Of course the approach, outlined in the preceding section, for estimating 
the viscous induced pressures should not yield good results very far downstream 
of the nose-cylinder junction where large pressure gradients occur. However, in 
reference 11, Bertram and Blackstock have considered the effects of viscous 
interaction in the induced-pressure region where the "blast-wave type of pressure 
decay occurs. For a "blunt cylinder they arrive at the following expression for 
the viscous induced pressure increment: 



where n is the exponent in a power-law fit to the inviscid pressure distribu- 
tion p « x n , and the inviscid pressure ratio is given by the correlated 

characteristics equation (6). The quantity is a function of n and the 

wall temperature; it is approximately 1.0 for helium and ranges between approxi- 
mately 1.2 and 1.0 for air. As seen in figure 10, equation (8) overestimates the 



Figure 10.- Reynolds number effects in the blast-wave region of induced pressures 

for Cp^n = 1*0, 0.6, and 0.2. 
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effects of viscous interactions when compared with the data of reference 3« An 
important effect which is not included in equation (8) is the effect of transverse 
curvature. An estimate of transverse curvature effects may he made with the use 
of the re stilts of reference 13 in which was obtained the following expression for 
the boundary— layer displacement— thickness slope including the effect of transverse 
curvature : 



where 5* is the boundary- layer displacement thickness. Although expression (9) 
is only an approximation and is not valid for large values of 5 / y^, it still 
should yield informative restats. If 5* in the correction factor of equa- 
tion (9) is taken as that restating for the viscous interaction without the 
effects of transverse curvature and if the relations of reference 11 are used 
(see eqs. (2) and (l6) of this reference), the following approximation may be 
considered as a first-order correction to equation (8) : 


( 10 ) 


Pb + (P - Pqq) 

Poo 

This result is included in figure 10. As can be seen, the inclusion of the 
transverse curvature gives a more conservative estimate of the viscous induced 
pressures than that given by equation (8), and in most cases gives a good esti- 
mate of the measured viscous induced pressures. 



Shock-Shape Studies 

Typical schlieren photographs taken of each model at a stagnation pressure 
of 600 psig are shown in figure 11. Enlargements of these photographs were made 
and the shock shapes determined by measurement. 

The blast-wave parameter for the correlation of shock shapes is ^Cj^ n , not 

including the effects of Mach number which are small for free-stream Mach numbers 
above 20. (See ref. 6.) As for the pressure distributions, shock shapes should 
be independent of nose geometry in the region where blast-wave theory is expected 
to apply. Figure 12 represents a comparison of the experimental shock shapes 
with those obtained from the characteristics theory and from the correlated char- 
acteristics relation (see ref. 6): 



The constant K is 0.98 for air and 1.07 for helium. The agreement of the shock 
shapes from characteristics solutions and the experimental data is excellent. 
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Figure 11.- Schlieren photographs of models at = 24 and = O .529 X 10°. 
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(b) Contoured-nose models. 
Figure 11.- Concluded. 
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O M 00 = 24 Rd,oo = 0.529 X I0 6 


_ Characteristics theory 
_ Equation (II) 



Although the data are shown only at the Reynolds number of O.529 X 10 ^, Reynolds 
number variation would not be expected to noticeably affect the shock shape; this 
is evident in the comparison of the data and the rigorous inviscid theory. The 
results in figure 12 also give a good indication of the adequacy of the corre- 
lated characteristics equation (ll). 
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(b) Contoured-nose models. 


Figure 12. - Concluded. 


In regard to the nose -shape independence, a comparison of the shock coordi- 
nates (from the data and characteristics theory) between the cone and contoured- 
nose models reveals that beyond about 1 diameter from the nose-cylinder junction, 
the shocks are essentially independent of nose shape for a given value of Cj^ n . 
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CONCLUDING REMARKS 


An experimental investigation has been conducted to determine the effects 
of Reynolds number, nose shape, and nose drag on induced pressures immediately 
downstream of the nose- cylinder junction of flow-alined cylindrical models. 
Reynolds number variations are seen to produce significant effects on the induced 
pressures, these effects varying with the specific configurations studied. In 
general, the relative magnitude of these viscous effects tends to increase with 
decreasing nose drag and they influence the pressure distribution over the entire 
region of the cylinders studied for the lowest value of nose drag. The nature of 
the Reynolds number effects appears to be similar to that in the boundary-layer 
interactions occurring on flat plates in hypersonic flow, and good estimates of 
these Reynolds number effects were made possible through the appropriate use of 
existing solutions for the flat-plate boundary- layer interactions. 

In regard to the use of the blast-wave theory, the data indicate that in the 
Reynolds number range studied, the observed Reynolds number effects do not impair 
the use of blast-wave correlations for high-nose-drag models, but any correlation 
of data by the blast-wave parameters for low-nose-drag models must consider 
Reynolds number effects over the entire induced-pressure region. 


Langley Research Center, 

National Aeronautics- and Space Administration, 

Langley Station, Hampton, Va. , May 22 , 1963* 
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APPENDIX 


BOUNDARY-LAYER CAKXJLATIONS FOR CONTOURED -NOSE BODIES OF REVOLUTION 


In order to determine whether the assumption of a boundary-layer growth 
effectively originating at the nose-cylinder junction of the slender contoured 
shapes was reasonable, the boundary-layer displacement thickness was calculated 
for two bodies of this type. The nose shapes for the bodies chosen were the con- 
toured parabolic profile having C D ^ n =0.2 and a hemisphere capped by a 46° 
half -angle cone with C D ^ n = 0.8. Characteristics solutions for both bodies gave 

the. inviscid pressure distribution necessary for a solution in which local simi- 
larity was assumed. The general method outlined in reference 14 was followed in 
calculating the boundary layer. 

Shown in figure 13 are the calculated boundary-layer displacement thick- 
nesses for the nose-shoulder region of interest along with the inviscid pressures 
m this region obtained by the method of characteristics. It is evident from 
this figure that the boundary layer over the nose of the model is small in com- 
parison with that downstream of the shoulder. Moreover, the shape of the boundary 


500r 



(a) C Djn = 0.2; = 0.526 X 1<£; = 2k. (b) C Djn = 0.8; R d>00 = 0.0808 X 10*; ^ = 18 . 


Figure 13.- Boundary- layer growth over axisymmetric bodies. 
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layer on the nose closely conforms to the model shape so that its presence should 
cause the pressure distribution to differ only slightly from the inviscid pressure 
distribution. 

In view of the rapid rate of growth of the boundary layer in the shoulder 
region compared with that on the nose, the assumption of an effective origin of 
the boundary layer at the shoulder of the model would seem reasonable, even for 
low-drag contoured shapes. 

As a matter of interest, the experimental data, shown in figure 13(a) for 
the contoured-nose model at several different Reynolds numbers, demonstrate the 
effect of boundary-layer growth on the pressure distribution. 
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